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DSPKAERI (Korea Atomic Energy Research Institute) has been operating an integral effect test facility, the
Advanced Thermal–Hydraulic Test Loop for Accident Simulation (ATLAS), for transient and accident sim-
ulations of advanced Pressurized Water Reactors (PWRs). Using ATLAS, a high-quality Integral Effect Test
(IET) database has been established for the major design basis accidents of the APR1400 (Advanced Power
Reactor 1400 MWe) plant. Several standard problem exercises using the ATLAS database were performed
to transfer the database to domestic and international nuclear industries and contribute to improving a
safety analysis methodology for advanced PWRs. The ATLAS Standard Problem (ASP) exercises, e.g., two
domestic standard problem (DSP) exercises and one International Standard Problem (ISP) exercise, aim at
an effective utilization of the integral effect database obtained from ATLAS, the establishment of a coop-
eration framework among domestic and international nuclear industries, a better understanding of the
thermal hydraulic phenomena, and an investigation into the possible limitation of the existing best-esti-
mate safety analysis codes. Three kinds of Small Break Loss of Coolant Accidents (SBLOCAs) were deter-
mined as target scenarios by considering their technical importance and incorporating interests from
participants. An overview of the ASP exercises is described in this paper.
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1.1. Background and brief history
The ﬁrst Domestic Standard Problem (DSP-01) exercise using
ATLAS, whose kick-off was held in June, 2008, was completed suc-
cessfully by holding a ﬁnal workshop in April, 2010. A 100% Direct
Vessel Injection (DVI) line break test (SB-DVI-08 test) was selected
as the ATLAS DSP-01 exercise as a very important scenario for the
DVI concept. Though the DSP-01 was the ﬁrst cooperative program
for code validation based on an integral effect database, most ma-
jor domestic organizations, including industries, universities, and
research institutes, have volunteered to contribute to strengthen-
ing the technical infrastructure for code validation and to expand-
ing a domestic cooperative network. Technical information sharing
and discussions were active between experienced code users. In
particular, the water levels of the reactor core and downcomer re-
gions, ECC bypass rate, multi-dimensional phenomena in the
downcomer region, loop seal clearing phenomena, and loop ﬂow
characteristics were identiﬁed as the crucial phenomena for a close
investigation from the viewpoint of code modeling. There were un-
experienced code users among the participants, and they beneﬁted
greatly from this valuable course of exercise. In conclusion, the
DSP-01 was supposed to be a major landmark in the validation
of the thermal–hydraulic safety analysis codes and provided a les-
son that there needs to be a focus on detailed thermal–hydraulic
phenomena rather than viewing the overall aspects to contribute
to a practical code validation in the DSP exercise. More details
can be found in the ﬁnal comparison report (Choi et al., 2010)
and a related paper (Kim et al., 2011).
In parallel with the DSP-01 program, has KAERI pursued an
international standard problem (ISP) through meetings of the
NEA Committee on the Safety of Nuclear Installations (CSNI) Work-
ing Group on the Analysis and Management of Accidents (WGAM-
A). The ﬁrst workshop (kick-off meeting) was held at KAERI in
April, 2009 and was completed successfully by holding a ﬁnal
workshop in March, 2011. A DVI line break scenario, e.g., a 50%
DVI line break scenario of the APR1400, was selected for the ISP
exercise and was numbered by ISP-50. ISP-50 was performed in
two phases. In Phase-1, the ISP exercise was performed as a ‘blind’
problem. The experimental results will be locked until the
calculation results are made available for a comparison. All partic-ipants are requested to submit their calculation results to the oper-
ating agency for comparison. In Phase-2, the ISP exercise was
performed as an ‘open’ problem with the experimental results re-
leased to the participants. More details can be found in the ﬁnal
integration report (Choi et al., 2012a) and a related paper (Choi
et al., 2012b).
The second Domestic Standard Problem (DSP-02) exercise was
launched in July, 2010 and completed successfully by holding a ﬁ-
nal workshop in September, 2011. In the kick-off meeting, a 6-inch
cold leg break SBLOCA test was selected as a target test item of the
DSP-02, and the outcome of the DSP-01 was analyzed and dis-
cussed by the participants. Noticeable major outcomes are that
the DSP-01 provides an opportunity to major domestic nuclear
organizations in pursuing MARS-KS code validation against quali-
ﬁed IET data and in providing a cooperation network. The know-
how and expertise of experienced code users were spread among
the participants. On the contrary, however, user effects were
remarkable owing to great difference in code experience among
the code users, and they made the user effects overshadow the
possible code deﬁciencies. In particular, qualiﬁcation of the code
initialization was highlighted to ensure correct transient calcula-
tions. It was also suggested for focusing on detailed thermal–
hydraulic phenomena, and it was agreed upon that each partici-
pant is responsible for providing an additional analysis on at least
one special topic in the DSP-02. Special assessment topics relevant
to code validation were proposed such as (1) break ﬂow modeling,
(2) loop seal clearing behavior, (3) ECC bypass, (4) RPV bypass, (5)
heat loss effects, (6) momentum effects of the DVI nozzle, (7) 2-D
behavior in the downcomer region, (8) and others. More details
can be found in the ﬁnal comparison report (Choi et al., 2012c)
and a related paper (Kim et al., 2013).
1.2. Objectives of the ATLAS standard programs
A best-estimate safety analysis methodology for small break
LOCAs including the DVI line and cold leg break accidents needs
to be developed to identify the uncertainties involved in the safety
analysis results. Such a best-estimate safety analysis methodology
will contribute to deﬁning a more precise speciﬁcation of the
safety margin, and will thus lead to a greater operational ﬂexibility.
However, such an effort is lacking because the available integral ef-
fect test data are not sufﬁcient.
Nomenclature
ACAP automated code assessment program
AFWP auxiliary feedwater pump
ANS American nuclear society
APR1400 advanced power reactor 1400 MWe
APROS a software developed by Fortum Nuclear Services, Ltd.
and VTT Technical Research Centre of Finland
ASME American society of mechanical engineers
ASP ATLAS standard problem
ATHLET a software developed by GRS of Germany (analysis of
thermal-hydraulics of leaks and transients)
ATLAS advanced thermal-hydraulic test loop for accident
simulation
BEMUSE best estimate methods uncertainty and sensitivity
evaluation
BS break simulator
CATHARE a software developed by CEA of France (Code for Anal-
ysis of THermalhydraulics during an Accident of Reactor
and safety Evaluation)
CCFL counter-current ﬂow limit
CL cold leg
CO core
CS containment simulator
CSNI committee on the safety of nuclear installations
CVM capacitance void meter
DC downcomer
DSP domestic standard problem
DT temperature difference
DVI direct vessel injection
ECC emergency core cooling
FCV ﬂow control valve
FFT fast Fourier transform
FFTBM fast Fourier transform based method
FLB feed line break
HL hot leg
HPSI high pressure safety injection
ID identiﬁcation or inner diameter
IET integral Effect Test
IL intermediate leg or cross-over leg (COL)
ISP international standard problem
KAERI Korea Atomic Energy Research Institute
KINS Korea Institute of Nuclear Safety
KORSAR/GP a software developed by Gidropress of Russia
LBLOCA large break loss of coolant accident
LOCA loss of coolant accident
LP lower plenum
LPP low pressurizer pressure trip
LSC loop seal clearing
LTC long term cooling
LUDP low upper downcomer pressure trip
MARS-KS multi-dimensional analysis of reactor safety (version
KS)
MF main feedwater
MS main steam
MSCV main steam control valve
MSIV main steam isolation valve
MSLB main steam line break
MSSV main steam safety valve
NEA nuclear energy agency
NRC nuclear regulatory committee
OECD organization for economic cooperation and develop-
ment
OPR1000 optimized power reactor 1000 MWe
PCT peak cladding temperature
P/M ratio of prototype to model
PWR pressurized water reactor
PZR pressurizer
RCP reactor coolant pump
RCS reactor coolant system
RELAP5 reactor excursion and leak analysis program (version 5)
RPV reactor pressure vessel
RV reactor vessel
RWT refueling water storage tank
SBLOCA small break loss of coolant accident
SCH piping schedule
SD steam dome or system design
SG steam generator
SGSD steam generator steam dome
SGSDDC steam generator between steam dome and downcomer
SGTR steam generator tube rupture
SIP safety injection pump
SIT safety injection tank
SPE standard problem exercise
TECH-M-97 a software developed by Gidropress of Russia
TRACE a software developed by NRC of USA (TRAC/RELAP Ad-
vanced Computational Engine)
WGAMA working group on analysis and management of acci-
dents
Symbols
AA average amplitude (FFTBM) for a single parameter
AAtot global average amplitude (FFTBM) for the global calcu-
lation
AE architecture engineer or acceptable error
Cd discharge coefﬁcient
D diameter
DP pressure difference
E percentage error
f frequency or weighting factor or friction factor
g gravitational acceleration
h collapsed water level
H height
K form loss factor
L axial length
LC load cell
LT level transmitter
OV on–off valve
PT pressure transmitter
QA global acceptability factor for nodalization
QB global acceptable factor for steady state level
Qi single acceptable factor
QV volume ﬂowmeter
T temperature
TC thermocouple
TF ﬂuid temperature
TH core heater temperature
v velocity
WF weighted frequency
Wi weighting factor
YE experimental value of generic quantity
DP pressure difference
DT temperature difference
q density
Subscripts
0R model-to-prototype quantity ratio
c impulse line
CL cold leg
exp experiment
f weighting factors for overall accuracy quantiﬁcation
Y.-S. Kim et al. / Annals of Nuclear Energy 63 (2014) 509–524 511
g steam
HL hot leg
LT level transmitter
max maximum
norm normalized
s sample
saf safety (relevance)
tot total
w water
512 Y.-S. Kim et al. / Annals of Nuclear Energy 63 (2014) 509–524The ATLAS ASP aims at the following:
 Effective utilization of an integral effect database obtained from
ATLAS.
 Expanding cooperation network among domestic and interna-
tional nuclear industries, academic institutes, research institute,
and regulation organizations.
 Safety analysis technology transfer to un-experienced code
users.
 Better understanding of thermal hydraulic phenomena in the
upper annulus downcomer region during the DVI injection per-
iod of SBLOCAs.
 Investigation of the possible limitation of the existing best-esti-
mate safety analysis codes.
 Generation of an integral database for code development and
validation.
1.3. Host organization
The DSP programs were organized in collaboration with KINS.
KAERI was responsible for a general coordination of the DSP pro-
grams, and as a joint operation agency, KINS was responsible for
coordination support, code calculation, progress meetings, and
the ﬁnal workshop.
For the ISP-50 program, KAERI organized the general coordina-
tion of the program with the administrative supports of the OECD/
NEA WGAMA.
1.4. Summary of the ATLAS standard programs
A total of ten domestic organizations joined the DSP-01 pro-
gram. For the DSP-02 program, a total of thirteen domestic
organizations joined. Each signed organization had an obligation
to perform an open calculation within the exercise period usingTable 1
Summary of the ATLAS standard programs.
Programs No. of Participants Codes Pe
DSP-01 10 MARS-KS Ju
RELAP5/MOD3.3
RELAP5-ME
ISP-50 14a (Foreign) APROS (5.08,09) A
ATHLET (Mod 2.2)
CATHARE 2b
KORSAR/GP
RELAP5/MOD3.3
TECH-M-97c
TRACE (5.0,5.2)
5 (Domestic) MARS-KS
RELAP5/MOD3.3
RELAP5-ME
DSP-02 13 MARS-KS Ju
RELAP5/MOD3.3
RELAP5-ME
a From total 12 countries.
b OPEN calculation only.
c BLIND calculation only.
d Including special assessment topics.the test results provided by the operating agency, KAERI. Most par-
ticipants used the best-estimate system code, MARS-KS, a few par-
ticipants used the RELAP5 code, and all participants were
requested to write their analysis results including special assess-
ment topics in an assigned section of the ﬁnal comparison reports.
A total of nineteen organizations joined the ISP-50 program.
Each signed organization had an obligation to perform blind and
open calculations within the calculation period using the test re-
sults provided by the host organization, KAERI. The best-estimate
system codes used in the ISP-50 were APROS, ATHLET, CATHARE
2, KORSAR/GP, RELAP5/MOD3 series, TECH-M-97, and TRACE by
foreign participants; and MARS-KS, RELAP5/MOD3.3, and RE-
LAP5-ME by domestic participants. All participants were also re-
quested to write their analysis results including special
assessment topics in an assigned section of the ﬁnal comparison
reports. A summary of the ATLAS standard programs is shown in
Table 1.2. The ATLAS facility and test description
2.1. Overview of ATLAS
ATLAS is a thermal–hydraulic integral effect test facility for evo-
lutionary pressurized water reactors of the APR1400 and OPR1000.
The reference plant of ATLAS is the APR1400, which is an advanced
power reactor developed by the Korean industry and has a rated
thermal power of 4000 MW and a loop arrangement of 2 hot legs
and 4 cold legs for the reactor coolant system (Kim et al., 2008;
Choi et al., 2008). ATLAS also incorporates some speciﬁc design fea-
tures of the Korean standard nuclear power plant, the OPR1000,
such as a cold-leg injection mode for a safety injection and a low
pressure safety injection mode. ATLAS can be used to investigate
the multiple responses between systems for a whole plant or be-riods Remarks
ne, 2008-April, 2010 100% DVI Line Break (OPEN)
pril, 2009-March, 2011 50% DVI Line Break (BLIND + OPEN)
ly, 2010-September, 2011 6-in. CL SBLOCA (OPEN)d
Table 2
Major scaling parameters of ATLAS.
Parameters Scaling law ATLAS design
Length l0R 1/2
Diameter d0R 1/12
Area d20R 1/144
Volume l0Rd
2
0R
1/288
Core DT DT0R 1
Velocity l1=20R 1=
ﬃﬃﬃ
2
p
Time l1=20R 1=
ﬃﬃﬃ
2
p
Power/volume l1=20R
ﬃﬃﬃ
2
p
Heat ﬂux l1=20R
ﬃﬃﬃ
2
p
Core power l1=20R d
2
0R
1/203.6
Flow rate l1=20R d
2
0R
1/203.6
Pressure drop l0R 1/2
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transients and postulated accidents.
ATLAS has the same two-loop features as the APR1400 and is
designed according to the well-known scaling method suggested
by Ishii and Kataoka (1983) to simulate various test scenarios as
realistically as possible. It is a half-height, 1/288-volume scaled
test facility with respect to the APR1400. The main motive for
adopting the reduced-height design is to allow for an integrated
annular downcomer where the multidimensional phenomena can
be important in some accident conditions with a DVI operation.
According to the scaling law, the reduced height scaling has
time-reducing results in the model. For a one-half-height facility,
the time for the scaled model is
ﬃﬃﬃ
2
p
times faster than the prototyp-
ical time. The friction factors in the scaled model are maintained
the same as those of the prototype. The hydraulic diameter of
the scaled model is maintained the same as that of the prototype
to preserve the prototypical conditions for the heat transfer coefﬁ-
cient. The major scaling parameters of ATLAS are summarized in
Table 2.SIT
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Fig. 1. Conﬁguration of the ATLAS facilitThe conﬁguration of ATLAS consists of a primary system, a sec-
ondary system, a safety injection system, a break simulating sys-
tem, a containment simulating system, and auxiliary systems as
shown in Fig. 1. The primary system includes a reactor vessel,
two hot legs, four cold legs, a pressurizer, four reactor coolant
pumps, and two steam generators. The secondary system of ATLAS
is simpliﬁed to be of a circulating loop type. The steam generated
at two steam generators is condensed in a direct condenser tank,
and the condensed feedwater is again injected into the steam gen-
erators. Most of the safety injection features of the APR1400 and
OPR1000 plants are incorporated into the safety injection system
of ATLAS. It consists of four safety injection tanks (SITs), a high
pressure safety injection pump (SIP) that can simulate a safety
injection and long term cooling, a charging pump for charging an
auxiliary spray, and a shut down cooling pump and a shutdown
heat exchanger for low pressure safety injection, shutdown cooling
operation, and recirculation operation. The break simulation sys-
tem consists of several break simulating lines such as LBLOCA, a
DVI line break LOCA, SBLOCA, SGTR, MSLB, and FLB. Each break
simulating line consists of a quick opening valve, a break nozzle,
and instruments. It is precisely manufactured to have a scaled
break ﬂow through it, as shown in Fig. 2. The containment simulat-
ing system of ATLAS has a function of collecting the break ﬂow rate
and maintaining a speciﬁed back-pressure to simulate a contain-
ment atmosphere. In addition, ATLAS has some auxiliary systems
such as a makeup system, a component cooling system, a nitro-
gen/air/steam supply system, a vacuum system, and a heat tracing
system. The detailed design and description of the ATLAS develop-
ment program can be found in Park et al. (2007).2.2. Experimental conditions of the tests
The experimental conditions for the tests were determined by a
pre-test calculation with a best-estimate thermal hydraulic code,
MARS-KS. First, a transient calculation was performed for the
target scenario of the prototypic plant, the APR1400, to obtain aSG-1
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Fig. 2. Conﬁguration of break simulators for the ATLAS standard programs.
Table 3
Calculated initial conditions for the tests.
Design parameters APR1400 (P) ATLAS (M) Ratio (P/M)
Reactor vessel
Normal power, MWt 3983.00 1.56 2553.21
Core exit temp, C 324.20 324.20 1.00
Core inlet temp, C 291.30 290.70 1.00
Temperature rise, C 32.90 33.50 0.98
Core ﬂow, kg/s 20275.00 7.99 2537.55
Pressurizer pressure, MPa 15.50 15.50 1.00
Steam generator
Steam ﬂow rate, kg/s (SG-1) 1152.40 0.44 2619.09
Steam ﬂow rate, kg/s (SG-2) 1152.40 0.44 2619.09
Saturated steam pressure, MPa 6.90 7.83 0.88
Steam temp., C 284.90 293.50 0.97
Primary piping
Hot leg ﬂow, kg/s 10496.00 3.99 2630.58
Cold leg ﬂow, kg/s 5540.10 1.99 2783.97
Hot leg temp., C 323.30 323.80 1.00
Cold leg temp., C 291.30 289.60 1.01
514 Y.-S. Kim et al. / Annals of Nuclear Energy 63 (2014) 509–524reference data for the initial and boundary conditions. A best-esti-
mate safety analysis methodology, which is now commonly ac-
cepted in the nuclear community, was applied to the transient
calculation of the APR1400. The safety injection system of the
APR1400 has four mechanically separated hydraulic trains. They
are also electrically separated by two divisions, implying that each
emergency diesel generator powers two hydraulic trains. The pre-
test calculation was conducted with the assumption that the loss of
off-site power occurs simultaneously with the break, and a limiting
single failure as a loss of a diesel generator resulting in minimum
safety injection to the core.
Therefore, for the cold leg SBLOCA scenario, the SI water from
the safety injection pump (SIP) is only injected through the DVI-
1 and -3 nozzles, and the SI water from all of the safety injection
tanks (SITs) is injected through all of the DVI nozzles. However,
for the DVI line break scenarios, the safety injection ﬂow to the
broken DVI-4 nozzle was not credited. Thus, the safety injection
ﬂow by the SIP was injected only through the DVI-2 nozzle oppo-
site the broken DVI-4 nozzle. Regarding the safety injection ﬂow by
the four SITs, three SITs, excluding the SIT connected to the broken
DVI-4 nozzle, were available to provide the safety injection ﬂow
into the core.
As for the core power, a conservative ANS (1973) decay heat
curve with 1.2 multiplication factor was used in the transient cal-
culation. In the DVI line break and cold leg SBLOCAs, the contain-
ment back-pressure does not affect the progression of the
transient, because a choking condition is maintained throughout.
Therefore, the containment back-pressure was not an important
control parameter in the tests. The initial and boundary conditions
were obtained by applying the scaling ratios, shown in Table 2 to
the MARS calculation results for the APR1400. Table 3 comparesthe rated steady-state condition between the APR1400 and ATLAS
for the tests.2.3. Procedure of the tests
Prior to a transient test, several actions were taken. They in-
cluded an instrument calibration with the ATLAS system drained,
purging, and ﬁlling the ATLAS system including leakage tests, an
instrument calibration with the water-ﬁlled primary system, and
an implementation of test speciﬁc control logics into the process
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Y.-S. Kim et al. / Annals of Nuclear Energy 63 (2014) 509–524 515control computers for sequence control. The sequence control log-
ics executed the required control actions for the corresponding
control devices such as the main core heater, RCP, SIP, and valves.
Reaching a speciﬁed initial condition of the whole system for
the test, as shown in Table 3, the steady-state conditions of the pri-
mary and secondary system were maintained for more than
30 min. After this steady-state period, the main test started by an
opening of the break simulation valve, OV-BS-06 as shown in
Fig. 2. With the start of the test, the primary system pressure de-
creased rapidly below 10.7 MPa, which was the set-point of the
low-pressurizer pressure (LPP) signal. When the LPP signal oc-
curred, the RCP and pressurizer heater stopped, and the main feed
water isolation valves and the SIP were actuated with speciﬁed de-
lay times. Further decreasing the primary pressure to below
4.03 MPa resulted in a passive injection of the SIT water.0 100 200 300 400 500
Time (second)
Fig. 4. Core and downcomer collapsed water levels.
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Fig. 5. Heater temperature and collapsed water level in the core.2.4. Major sequence of events
In general, a sequence of events for typical cold leg SBLOCAs can
be divided into ﬁve phases, e.g., blowdown, natural circulation or
pressure plateau, loop seal clearance, boil-off, and core recovery
(Cho et al., 2011). The duration of each phase depends on the break
size and performance of the ECCS. In the DVI line breaks and cold
leg SBLOCA, the ﬁve characteristic phases were clearly identiﬁed.
The blowdown phase started with the opening of the break
valve, e.g., OV-BS-06 in Fig. 2. Upon initiation of the break at the
DVI line or at the bottom of the cold-leg, the RCS primary side
was rapidly depressurized until ﬂashing of the hot coolant into
steam began, as shown Fig. 3. A reactor trip and an RCP trip were
initiated by the low pressurizer pressure (LPP) setpoint of
10.72 MPa. Closure of the condenser steam dump valve simulating
the turbine trip isolated the SG secondary side. As a result, the SG
secondary side pressure increased up to the main steam safety
valve (MSSV) set point of 8.1 MPa, and steam was released through
the MSSV. The ECCS actuation signal was also generated at the LPP
signal with a time delay. In this phase, coolant in the RCS remained
in the liquid phase. The rapid depressurization ended when the
pressure falls to just above the saturation pressure of the SG sec-
ondary side. The break ﬂow in the RCS was single-phase liquid
throughout the blowdown period.
When the blowdown phase ended, a two-phase natural circula-
tion phase or pressure plateau was established in the RCS loops
with the decay heat removed by a heat transfer (condensation
and convection) to the SG secondary side. As more coolant was
lost from the RCS through the break, steam accumulated in the0 100 200 300 400 500
0
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Fig. 3. PZR and SG pressures.downhill side of the SG U-tubes and the crossover leg. The natural
circulation phase might continue until there is insufﬁcient driving
head on the cold leg side of the loops, owing to the accumulation of
steam in the loops between the top of the steam generator tubes
and the loop seals.
With the loop seals present, the break remained covered with
water. The RCS water inventory continued to decrease and the
steam volume in the RCS increased. The relative pressure in the
core increased, which, together with the loss of coolant inventory
through the break, caused the liquid levels in the core and the SG
to continue to decrease. The behavior of the collapsed water levels
of the down-comer and the core region can be observed in Fig. 4,
which shows that the core mixture level dropped below the top
of the core. At this point, the differential pressure between the
down-comer and upper head region reached its maximum value
during this instant, and the seals were cleared and steam in the
RCS was vented to the break point. From this point, the break ﬂow
changed from a low quality mixture to primarily steam. With the
incipient of the loop seal clearing, the cladding could experience
a kind of temperature excursion owing to the size of the break,
as shown in Fig. 5.
After the loop seals clearance phase, the RCS primary side pres-
sure started to decrease below that of the secondary side, as can be
seen in Fig. 3. This is mainly due to the increase of the break ﬂow
quality, resulting in a lower mass ﬂow rate but a higher volumetric
Table 4
Comparison of the sequence of the tests.
Events APR1400 ATLAS DSP-01 ISP-50 DSP-02
Break open 0.0 s 0.0 s 0.0 s 0.0 s 0.0 s
Low PZR pressure trip (LPP) (<10.72 MPa) (<10.72 MPa) 19.0 s 24.0 s 26.0 s
PZR heater trip LPP + 0.0 s LPP + 0.0 s 19.0 s 24.0 s 26.0 s
Turbine trip LPP + 0.1 s LPP + 0.07a s 19.1 s 24.1 s 26.1 s
Reactor scram and RCP trip LPP + 0.5 s LPP + 0.35a s 19.4 s 24.4 s 26.4 s
Main feedwater isolation LPP + 10 s LPP + 7.07a s 26.1 s 31.1 s 33.1 s
SIP injection start LPP + 40 s LPP + 28.28a s 47.3 s 52.3 s 54.3 s
LS clearing (complete) – – 116b s 197c s/1249d s 195e s
Low upper DC pressure trip (LUDP) (<4.03 MPa) (<4.03 MPa) 231.0 s 465.0 s 444.0 s
SIT injection start LUDP + 0.0 s LUDP + 0.0 231.0 s 465.0 s 444.0 s
Safety injection conditions SIP-2;3SITs SIP-2;3SITs SIP-1, -3;4SITs
a Delay time is reduced by a square root of 2.
b All ILs.
c IL-1A, -1B.
d IL-2B.
e IL-1A, -2B.
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the down-comer and the core region tended to decrease a little bit
as a result of the core boiling in this phase.
The core recovery phase started with the instant of SIT injection.
The vessel mass inventory increased and the core recovery was
established, as can be observed in Fig. 4. In small break LOCA cases
like a DVI line break or cold leg SBLOCA, the SIT injection into the
RPV starts before the reactor coolant is completely discharged into
the containment vessel, and the RCS pressure is still above the con-
tainment pressure.
The actual sequences of events for the DVI line breaks and cold
leg SBLOCA were compared, as shown in Table 4.2.5. Uncertainty evaluation of measured data
2.5.1. Loop ﬂow rate
The ﬂow rate in the RCS loop during a transient period has a
high priority from the viewpoint of instrumentation. There is much
difﬁculty in measuring the loop ﬂow rate especially during the
transient period because a two-phase ﬂow rather than a single-
phase ﬂow is expected to occur. In ATLAS, a BiFlow ﬂowmeter,
which was developed by the operating agency, was installed at 2
hot legs and 4 cold legs. In principle, it can measure a ﬂow rate
in a single-phase condition as well as in a two-phase condition if
a void fraction at the measuring location is available. Thus, a level
transmitter was attached at the measuring location together with
the BiFlow meter. However, the measured void fractions (or water
level) at the legs have large uncertainties owing to the smaller
diameter of the legs. (DHL = 132 mm, DCL = 87 mm) The uncertainty
of the loop ﬂow rate thus greatly depends on the accuracy of the
water level of the loop.
To avoid the uncertainties caused by the water level measure-
ment, the void fractions of the loops were enforced to zero at the
initial steady state condition by the operators. After logging the
data for around 100 s, the enforcing of the water level was released
for the instrument to be ready to measure the two-phase ﬂow rate.
Applicability of the BiFlow ﬂowmeter for the measurement of a
two-phase ﬂow rate was examined by performing a calibration test
(Yun et al., 2005a,b; Kang et al., 2009). The calibration test was
conducted at the horizontal air/water test loop, a schematic dia-
gram of which is shown in Fig. 6. The horizontal air/water test loop
consists of a test section, an inlet reservoir, an outlet reservoir, a
water supply system, an air supply system, a water storage tank,
and a data acquisition system. The test section is composed of a
transparent acryl pipe whose diameter is 0.08 m, similar to that
of the cold leg of ATLAS. A Coriolis mass ﬂowmeter and a vortexﬂowmeter were installed at the inlet of the test section to measure
the reference ﬂow rates of water and air, respectively.
The ﬂow regime of the calibration test was a stratiﬁed ﬂow,
which is expected to be a major ﬂow regime in the cold legs during
the transient period of ATLAS. In the calibration test, the void frac-
tion was changed from 35% to 94%, and the velocity ranges were
0.3–1.2 m/s and 3.0–18 m/s for the water and air ﬂows, respec-
tively. The two-phase ﬂow rates measured by the BiFlow ﬂowme-
ter were compared with the reference ﬂow rates measured by the
Coriolis and the vortex ﬂowmeters. Fig. 7 shows a comparison be-
tween the reference ﬂow rates and the ﬂow rates measured by the
BiFlow ﬂowmeter in the present calibration test. As shown in Fig. 7,
the BiFlow ﬂowmeter can measure the two-phase ﬂow rates with-
in a ±15% error against the reference ﬂow rates. It was conﬁrmed
from the calibration test that the BiFlow ﬂowmeter can measure
a two-phase ﬂow rate with an acceptable measurement uncer-
tainty for an anticipated ﬂow regime in the cold legs during the
transient period of ATLAS.2.5.2. Collapsed water level
The collapsed water levels were instrumented to investigate
inventory distribution during the transient. A total of 11 instru-
ments were installed at the major components, including RPV,
DC, RCS loops, and SG. The collapsed water level, h, is measured
from the momentum balance assuming a static condition as
follows:
h ¼ ðqc  qgÞgH  DPmeasuredðqw  qgÞg
; ð1Þ
where qc, qg, and qw are the densities of water in the pressure im-
pulse line, steam, and water in the component of interest, respec-
tively. H and g are the distance between the measurement taps
and the gravitational constant, respectively. DPmeasured is the mea-
sured differential pressure. The measured differential pressure is
composed of pressure drops owing to the hydrostatic head, acceler-
ation, friction, and geometric change as follows:
DPmeasured ¼ DPhydrostatic þ DPacceleration þ DPfriction þ DPform ð2Þ
If there is no ﬂow, the other terms may be negligible except for
the hydrostatic term, DPhydrostatic, and Eq. (1) is ideally applicable.
However, the break ﬂow is high during the initial phase of the test,
and the measured differential pressure may have a large uncer-
tainty during this period. The possible errors can be estimated from
Eq. (2). The pressure drop from acceleration is negligible, assuming
Perforated 
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Fig. 6. Schematic diagram of the horizontal test loop.
Fig. 7. Comparison of the two-phase ﬂow rates in the calibration test.
Y.-S. Kim et al. / Annals of Nuclear Energy 63 (2014) 509–524 517a slow velocity change, but the pressure drops from friction and a
geometric change increase proportionally to the square of the ﬂuid
velocity as follows:
DPerror ¼ DPfriction þ DPform ¼ f LDþ Kform
 
 1
2
qv2: ð3ÞTable 5
Estimation of the maximum possible uncertainty of the collapsed water lev
Parameters Core
Discharge coefﬁcient-friction, Kfriction 7.16
Discharge coefﬁcient-form, Kform 42.7
Total differential pressure (kPa), DPerror 0.343
Equivalent head (m), herror 0.053
LT full range (m), hLT 2.91
Uncertainty (%), herror/hLT 1.8
a Vertical/horizontal sections.The maximum errors from friction and geometric change were
estimated based on the following assumptions:
 A maximum break ﬂow rate of 4 kg/s is used to estimate the
errors.
 The pressure and temperature conditions are assumed to be
15.0 MPa and 600 K, respectively.
The collapsed levels in the core, the down-comer, and the RCP
suction side of the intermediate leg were analyzed, and the calcu-
lation results are summarized in Table 5. During the initial phase of
the test, the maximum possible uncertainties for each location
were 1.8%, 2.6%, and 8.6%, respectively.2.5.3. Differential pressure
The differential pressures, e.g., DP-HL1IL1A-01, DP-HL1IL1B-01,
DP-HL2IL2A-01, and DP-HL2IL2B-01, between the inlet and outlet
plenum of the SGs were measured by a KDG 4301 differential pres-
sure transmitter. In ATLAS, pressure taps for these instruments
were located in the hot legs (600, SCH 160) and the corresponding
intermediate legs (300, SCH 160). Therefore, the velocity difference
between the hot leg and intermediate leg may cause an additional
error in the measured differential pressure. From Eq. (3), the max-
imum uncertainty from the velocity difference was calculated to be
0.0035 kPa. The uncertainty from the velocity difference between
two measurement taps is very small compared with that fromel.
Downcomer Intermediate leg (RCP side)
1.68 0.155/0.159a
0 0 .0/0.719a
0.754 0.460
0.117 0.070
4.5174 0.8717
2.6 8.6
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ror of the measured differential pressure is the sum of the system
error and the velocity difference error, the total uncertainty of the
measured differential pressure was estimated to be 0.234 kPa.2.5.4. Temperature
In the ATLAS system, the temperatures were measured by K-
type thermocouples, and the maximum uncertainty of the temper-
ature was estimated to be 2.4 C.2.5.5. Break ﬂow
The two-phase break ﬂow from the break nozzle was separated
in a separating vessel during the actual test. The separated water
inside the separating vessel was drained into the measuring vessel
where its mass was weighed by a load cell. The separated water
mass showed an increasing trend over time owing to the inﬂow
from the break system. The water mass change rate with respect
to time was converted into the break water ﬂow rate. Meanwhile,
the separated steam ﬂow rate was measured by a vortex ﬂow me-
ter installed at the steam discharge line at the top of the separating
vessel. The total break ﬂow rate was calculated by summing the
water and steam ﬂow rates. This measuring concept of a break ﬂow
rate was effective for a slow transient condition, but the initial
break ﬂow of the present test was compensated by an RCS inven-
tory-based break ﬂow estimation method to avoid an additional
dynamic load effect on the load cell itself by a high steam ﬂow. This
RCS inventory-based break ﬂow estimation method is based on the
mass balance of the reactor coolant inventory in the primary sys-
tem. The maximum uncertainties of the break ﬂow rates measured
by this load cell-based measuring system and by the RCS inventory
change were estimated to be 0.07 and 0.59 kg/s, respectively. The
uncertainty of the ﬂow rate estimated from the RCS inventory
change basically originates from the uncertainty of the level trans-
mitters and is considerably higher than that measured by the load
cell-based measuring system. The break ﬂow rate during this ear-
lier stage was estimated from the RCS inventory-based method
with a relatively smaller uncertainty, and the later break ﬂow rate
thereafter was obtained by the load cell-based method with a rel-
atively lower uncertainty.2.5.6. Summary of uncertainty evaluation
The uncertainty of the measured experimental data was ana-
lyzed in accordance with a 95% conﬁdence level. According to the
ASME (1998) code for a performance test, the uncertainty interval
of the present results was given by the root-mean-square of the
bias contribution and precision contribution. The bias and preci-
sion errors were evaluated from the data acquisition hardware
speciﬁcations, and the calibration results performed once every
year, respectively. The estimated uncertainties are summarized
in Table 6.Table 6
Summary of the uncertainty evaluation.
Parameters Error level Remarks
Loop ﬂow ±15% of full span Biﬂow ﬂowmetera
Collapsed water level ±3.38% of full span
Differential pressure ±0.23 kPa
Static pressure ±0.039 MPa
Temperature ±2.4 K
a Refer to Yun et al. (2005a).3. Major ﬁndings and lessons learned from the ATLAS standard
programs
3.1. DSP-01 exercise
In the course of the ATLAS DSP-01, intensive technical discus-
sions on the predictions in discord with the data were made to seg-
regate the code deﬁciency from the user effects. By analyzing the
calculation spectrum and integrating common disagreements, the
following major ﬁndings and lessons were learned.3.1.1. Water level prediction in the core and downcomer
Many participants agreed that the test results showed multi-
dimensional effects in the core and reactor pressure vessel. For
the RELAP code, the current version (MOD 3.3) predicted water lev-
els quite well relative to the previous version (MOD 3.2), which
had a tendency of over-prediction. Thus, RELAP MOD 3.3 should
be intensively referred to in further investigations for further DSP
assessments. From the discussions of the downcomer boiling effect
for the prediction of the downcomer water level, its effectiveness
should be further evaluated in a 100% DVI line break scenario.
For a more practical approach, an interfacial drag option is recom-
mended for a better prediction of the downcomer water level.3.1.2. Loop seal clearing phenomena
The loop seal clearing phenomena is very important for the
behavior of water levels in the core and downcomer. Comparisons
between the test data and the calculations showed that there were
quite a few discrepancies in occurrence time and sequence. There
were also many discrepancies between the calculations, and the
reason for such different predictions was discussed as mainly ow-
ing to a short period of the pressure plateau. In the case of the de-
sign code, a better prediction of the loop seal clearing would be
achieved by adjusting the bubble rise velocity or slip ratio, and
the effect of the downcomer bypasses to the hot legs and/or the
upper head should be further investigated.3.1.3. ECC bypass
In the DVI line break scenario, the ECC bypass in the downcom-
er region is not considered important with respect to the case of
the LBLOCA scenarios. In fact, there was no measured data for
the ECC bypass, and therefore it was not possible to compare the
test results with the calculations.3.1.4. Sensitivity studies
Many participants conducted sensitivity studies on the steady-
state and transient behavior. For the steady-state behavior, the pri-
mary ﬂuid temperatures were adjusted by a modiﬁcation of the
downcomer bypass ﬂow rate or a speed control of the RCPs.
For the transient behavior, many more sensitivity studies were
conducted. The break ﬂow behavior according to the variations of
discharge coefﬁcient in the critical ﬂow models and the K-factor
in the break line were investigated. The downcomer modeling with
the multi-D component of MARS was investigated, but the result
was nearly the same as the base case. Many more sub-volumes
for the cross-over leg and the level tracking model for those sub-
volumes were adopted, and the results showed a partially im-
proved prediction for the loop seal clearing. With a higher interfa-
cial heat transfer coefﬁcient in the downcomer from the time of the
pump safety injection, no signiﬁcant improvement in the loop seal
clearing prediction was observed. The initial PCT at the loop seal
clearing can be captured by implementing the CCFL model for
the fuel alignment plate.
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In a DSP-01 assessment, there must be user effects on the calcu-
lations. However, they were not evaluated in this DSP-01 calcula-
tion. It was recommended that they should be considered in a
DSP-02 assessment.
3.2. ISP-50 exercise
This ISP-50 exercise was composed of blind and open phase cal-
culations on a 50% DVI line break LOCA test with the ATLAS facility
simulating the APR1400 reactor.
3.2.1. Pre-test (blind) calculation
In general, the present ISP-50 exercise gave a wide and very
valuable outlook on the actual status of the code performance for
two main reasons: (a) different codes were tested against the same
experiment; (b) different users adopting the same code obtained
different results. Seventeen calculation results were ﬁnally submit-
ted for the ‘‘blind’’ calculation of the ISP-50. Seven different ther-
mal–hydraulic safety analysis codes were used: APROS, ATHLET,
KORSAR/GP, MARS-KS, RELAP5/MOD3 series, TECH-M-97, and
TRACE. Most participants seemed to initialize their codes very well
based on the provided facility description report. The prediction
accuracy of the initial conditions was good by taking into account
the difﬁculty in a ‘‘blind’’ exercise. All calculations qualitatively
succeeded in simulating the typical transient behaviors during a
DVI line break accident, including the primary pressure depressur-
ization, primary pressure plateau, MSSV opening, loop seal clear-
ing, RPV core water level depression, and break ﬂow.
On the whole, the prediction accuracy of each thermal–hydrau-
lic phenomenon was not satisfactory. In particular, prediction dis-
crepancies of the RPV core and the down-comer level were
signiﬁcant in most calculations. The SIT ﬂow rate was also not
properly predicted by most calculations. Regarding the break ﬂow
rate, the accuracy of a break ﬂow simulation has long been the cen-
ter of discrepancy between the predicted and experimental results.
This problem was conﬁrmed as still remaining in this ISP-50 as
well. This problem has also been recognized to be a main source
making the calculation results a some time difference (shifting)
from the experiment.
3.2.2. Post-test (open) calculation
Sixteen calculations from eleven countries were collected and
analyzed through a comparison with the experimental data. Seven
different safety analysis codes were used: APROS, ATHLET, CAT-
HARE, KORSAR/GP, MARS-KS, RELAP5/MOD3 series, and TRACE.
Five calculations with RELAP5; three with KORSAR/GP; two with
MARS-KS, TRACE, and ATHLET; and one with APROS and CATHARE
were performed. Three-dimensional modeling for the core region
was tried by NRC with the TRACE code. KAERI also tried a three-
dimensional modeling of the core region with MARS-3D and TRACE
codes. The ‘‘MULTID’’ and ‘‘VESSEL’’ component was used for
MARS-3D and TRACE, respectively. As these calculations were pre-
liminary to examine the 3-D effects, a detailed analysis was not
performed, but some information was included in Appendix-F.
UNIPI helped the operating agency in analyzing this exercise and
recommending a future investigation.
In most calculations, much improved prediction results com-
pared with the ‘‘blind’’ case were found in the ‘‘open’’ calculation.
This conclusion was obvious when the FFTBM was applied to both
calculation results. Most open calculations resulted in very good
prediction results. Compared with the ‘‘blind’’ case, the improve-
ment of AAtot was more than 20%. A maximum improvement of
45% was observed in a certain calculation. Such improvement in
the prediction capability implies that there are signiﬁcant user ef-
fects in the code validation. It is obvious that these user effectscannot be avoided completely in a safety analysis. Nonetheless,
the user effects have to be minimized in any case by appropriate
measures. Having the calculation results, it can be postulated that
most participants used their experience and expertise to correct
their pre-test calculations. This correction was made in tuning
the nodalization to reach better agreement between the test data
and the calculation.
One of the most important code prediction capabilities during a
small break loss of coolant accident is an estimation of the break
ﬂow discharging from the break location. The break ﬂow is also
the most dominant factor to determine the primary depressuriza-
tion. The break ﬂow is clearly inﬂuenced from the down-comer le-
vel. Most calculations reasonably predicted the overall measured
trend of the break ﬂow rate. The loss coefﬁcient has been tuned
to catch the mass discharged through the break. Prediction of the
initial peak ﬂow rate as well as the later single-phase steam ﬂow
rate was acceptable. Great uncertainty was found to come from
the prediction of the discharge of two-phase mixture observed in
the earlier phase prior to the loop seal clearing. Many participants
adjusted the discharge coefﬁcients and succeeded in calculating a
reasonable two-phase break ﬂow rate, but a few participants had
a lower two-phase ﬂow rate than the data. Liquid entrainment
probably plays a role in the break ﬂow behavior, not properly sim-
ulated by the code. Thus, an additional investigation is expected to
be done, considering that the break mass ﬂow rate is quite difﬁcult
to be measured. In the present ISP-50 test, complicated phenom-
ena such as a combination of a 3-D ﬂow coupled with a mixture le-
vel ﬂuctuation, and/or a swell with a certain amount of liquid or
vapor entrainment toward the DVI nozzle are involved in deter-
mining the break ﬂow rate. Therefore, a combination of several
parameters such as noding, selection of break ﬂow models and
evaluation of coefﬁcient(s) for each model such as a 3-D ﬂow mod-
el, the inter-phase drag to properly estimate the mixture level and
liquid/vapor entrainment should be investigated comprehensively.
Such comprehensive investigation was not done to distinguish the
user effects in the present ISP-50.
The bypass ﬂow path from the down-comer to the upper head
can affect the pressure distribution between the core and the
down-comer regions and the collapsed water level in the core.
Upon a break, the inventory of the upper head ﬂowed though the
bypass path to the broken DVI nozzle. This is the only ﬂow path
for the inventory to be discharged before the loop seal is cleared.
The measured temperature distribution in the upper head and
upper down-comer was rather uniform and no multi-dimensional
effect was observed. Thus, this phenomenon was reasonably well
reproduced in most code calculations.
The loop seal clearing was not correctly reproduced by most
calculations, notwithstanding the tuning of the form loss coefﬁ-
cients (K) against the pressure drop data supplied by KAERI. In
the ISP-50 test, two loop seals in the broken loop, 1A and 1B, were
cleared ﬁrst, followed by the 2nd loop seal clearing in loop 2B. The
remaining loop 2A was not cleared during the test period. Many
participants predicted the ﬁrst loop seal clearing with reasonable
accuracy. No participants, however, predicted the second loop seal
clearing occurred at loop 2B in the experiment. To evaluate the rel-
evance of the phenomenon in terms of reactor safety, its duration
and impact on the overall behavior should be considered. Other
system interventions, such as hydro-accumulators and/or active
emergency core cooling, have a larger effect on the mass distribu-
tion and consequently affect the reactor pressure vessel level.
The inﬂuence of secondary side behavior on the primary side
was noticeable during the ﬁrst phase of the experiment. Difﬁculties
in reproducing the timing and number of openings of the MSSVs
have been encountered. The heat released from the secondary side
to the primary side also plays a role for the evolution of the tran-
sient, even though the heat loss may reduce such an effect. The
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view taking into account the heat ﬂow inversion. In general, the
secondary pressure was over-predicted in most calculations. Possi-
ble sources of over-prediction of the secondary pressure are the
heat loss modeling, the quality of the steam entering the U-tubes
after the loop seal clearing. Modeling the secondary heat loss pro-
duced a better prediction accuracy. Finally, the blocked loop seal
prevents the steam from ﬂowing through the U-tubes and then sig-
niﬁcantly reduces the reverse heat transfer.
In this ISP-50, multi-dimensional aspects observed in the test
were highlighted in terms of the code prediction capability. In par-
ticular, detailed calculation results for down-comer ﬂuid tempera-
tures were requested and compared. During the ISP-50 test, cold
ECC water was introduced by a SIP and three SITs at a different
time. The SIP injected ECC water through the DVI nozzle opposite
the broken DVI nozzle into the annulus down-comer, and three
SITs injected ECC water through the intact three DVI nozzles. As
the down-comer region was ﬁlled with water when the SIP started
the injection, mixing of the cold ECC water with the hot inventory
was of prime interest. Most codes did not succeed in predicting the
mixing satisfactorily. Instead of mixing, azimuthal temperature
stratiﬁcation was predicted even in the lower down-comer region.
This incorrect prediction seems to be due to a limitation of the one-
dimensional code to treat ECC mixing. The NRC’s calculation,
where three-dimensional modeling was used in the reactor vessel
region, showed better mixing than the others. Shortly after, the
loop seal was cleared, and the loop seal clearing then caused the
cold ECC water to interact with the high-temperature steam. In this
period, condensation was expected to occur. When the SITs started
an injection later on, the water level of the down-comer region was
below the cold leg elevation, and much of the cold ECC water ﬂo-
wed down the down-comer region.
During the experiment, three-dimensional behavior was ob-
served in the heater surface temperature distribution. Notwith-
standing the nodalization set up to predict possible 3-D effects,
the use of a 1-D component limited the possibility of computing
such asymmetries in the heater surface temperature. It should also
be mentioned that 3-D effects observed during the test are consid-
erable. It was found that the three-dimensional code model re-
sulted in a better prediction accuracy than most 1-D models.
Three dimensional effects are quite relevant from the reactor safety
point of view, especially in those transients in which this behavior
is remarkable. Strong asymmetries may yield to a thermal crisis in
part of the core, while the rest is still covered.
3.3. DSP-02 exercise
In the DSP-02 exercise, most of the participants adopted the
MARS-KS code for open calculation, which is why special code
assessments can be performed by the participants. In this section,
the major ﬁndings from those activities are summarized in the fol-
lowing sections.
3.3.1. Break ﬂow modeling
It was found that detailed upstream modeling from the break
nozzle to the break valve resulted in better agreement with the
data. In such a detailed modeling, the discharge coefﬁcient of
Cd = 1.0 is recommended as one of the user guidelines.
3.3.2. Loop seal clearing
Most participants were not successful in reproducing asymmet-
ric loop seal clearing behavior. The loop seal clearing was greatly
affected by a small model change. From the viewpoint of safety,
where the loop seal clearing occurred and how many loops were
cleared seem to be unimportant. However, the occurrence timingis very important because it governs the event progress since after
the loop seal clearing.
3.3.3. ECC bypass rate
This was estimated by injecting boron during the code calcula-
tion by one participant, who tried a creative calculation method.
Around a 30–45% ECC bypass rate was obtained. However, this by-
pass rate needs to be conﬁrmed by experimental data. Unfortu-
nately, experimental evidence to conﬁrm the estimated ECC
bypass rate is not available. This ﬁnding can be feedback to exper-
imentalists to improve the measurement methodology.
3.3.4. Heat loss effects
A detailed sensitivity study was done to answer the question
why the secondary pressure was over-predicted by almost all cal-
culations. It was found that such over-predictions of the secondary
pressure were due to a lack of heat loss modeling in the secondary
system. The effects of heat loss were included in the model, and a
very nice agreement with the data was obtained.
3.3.5. Momentum effects of ECC water
This was not a dominant factor affecting the transient
calculations.
3.3.6. 2D behavior
Practical 2-D behavior was observed in the ATLAS experiment.
In particular, ﬂuid mixing was not properly predicted by most cal-
culations. A cross junction k-factor was not helpful to resolve
insufﬁcient mixing. The use of a turbulent mixing model of the
MARS-3D code is recommended for better prediction.
3.3.7. ACC component
The accumulator component needs to be improved to remove
the initial peak and minimize the ﬂow oscillation. When a simple
PIPE component is used to model the SITs instead of the ACC com-
ponent, the initial peak and ﬂow oscillation can be avoided.
3.3.8. Condensation
Injection of cold water into the downcomer results in excessive
condensation, causing an increase in the downcomer water level
and a decrease in the core water level. It was found that utilizing
the ECC mixer model mitigated the condensation. The condensa-
tion model needs improvement.
3.3.9. RPV upper head temperature
In most calculations, it was close to the hot leg temperature ow-
ing to a reverse downcomer-upper head bypass ﬂow path. This
caused early ﬂashing and depression in the downcomer water
level.
3.3.10. High core water level before the loop seal clearing
This was due to a high reverse ﬂow from the steam generator to
the RPV upper head. Appling the CCFL option to the RPV fuel
assembly plate can mitigate this disagreement.
4. Accuracy quantiﬁcation
A quantitative comparison of the submitted calculation results
against the measured data was made using a methodology pro-
posed by F. D’Auria at the University of Pisa, FFTBM (Fast Fourier
Transform Based Method), for the DSP-01 and ISP-50 exercises.
FFTBM is an integral method using a Fast Fourier Transform (FFT)
to represent the code discrepancies in the frequency domain. This
method has been successfully applied to past International Stan-
dard Problems (ISPs) or Standard Problem Exercises (SPEs)
Table 7
Parameters for nodalization quantiﬁcation.
No. Parameters Unit AE (%) WF Experiments Remarks
YE Error (±)
1 Primary circuit volume m3 2 1.0 1.6366 1% Including PZR
2 Secondary circuit volume m3 2 0.5 2.8385 2% SGs – FCV-MSCV-01
3 Core heat structure surface area m2 2 1.0 22.2 0.44 Active Core
4 SG U-tubes surface area (external w/o TS) 2 0.5 69.2 1.38
5 SG U-tubes surface area (internal w/o TS) 2 0.5 58.5 1.17
6 Core heat structure volume m3 3 1.0 5.27E02 1.6E03 Active Core
7 SG U-tubes heat structure volume (w/o TS) 3 0.5 7.03E02 2.1E03
8 Average of the axial power (group 1–3) kW/m 1 0.5 2.2 0.02 Average rod in average channel
9 Maximum of the axial power (group 1–3) kW/m 1 1.0 3.2 0.03 Average rod in average channel
Table 8
Parameters for steady state quantiﬁcation.
No. Parameters AE (%) WF Experiments
YE Error (±)
Primary system
1 Core power (MW) 2 0.80 1.633 0.033
2 Heat loss (kW) 3 0.50 66 1.98
3 PZR pressure (MPa) 0.25 1.00 15.5 0.04
4 Hot leg temp. (K) 0.5 0.60 597.7 2.4
0.5 0.60 598.7 2.4
5 Cold leg temp. (K) 0.5 0.60 565.4 2.4
0.5 0.60 565.5 2.4
0.5 0.60 564.2 2.4
0.5 0.60 565.3 2.4
6 RCS ﬂow rate (kg/s) 15 0.40 2.02 0.30
15 0.40 1.84 0.28
15 0.40 1.89 0.28
15 0.40 1.97 0.30
7 Core bypass ﬂow rate (kg/s) 30 0.50 0.04 0.01
30 0.50 0.11 0.03
8 Pressurizer level (m) 3.4 0.30 3.83 0.13
Secondary system
9 Dome pressure (MPa) 0.25 1.00 7.82 0.02
0.25 1.00 7.82 0.02
10 Steam temp. (K) 0.5 1.00 566.9 2.4
0.5 1.00 566.7 2.4
0.5 1.00 568.5 2.4
0.5 1.00 568.8 2.4
11 FW temp. (K) 0.5 0.40 505.4 2.4
0.5 0.40 506.4 2.4
0.5 0.40 496.5 2.4
0.5 0.40 495.7 2.4
12 FW ﬂow rate (kg/s) 1.5 0.40 0.373 0.006
1.5 0.40 0.382 0.006
1.5 0.40 0.044 0.001
1.5 0.40 0.042 0.001
13 Water level (m) 3.4 0.50 4.71 0.07
3.4 0.50 5.03 0.07
14 Circulation ratio (CR) 10 0.70 9.74 0.1
10 0.70 9.67 0.1
15 Heat removal (MW) 10 0.30 0.673 NA
10 0.30 0.752 NA
16 Heat loss (kW) 10 0.30 28.5 NA
10 0.30 28.5 NA
ECCS
17 SIT pressure (MPa) 0.25 0.40 4.24 0.01
0.25 0.40 4.15 0.01
0.25 0.40 4.01 0.01
0.25 0.40 4.17 0.01
18 SIT temp. (K) 0.5 0.40 322.5 2.4
0.5 0.40 323.2 2.4
0.5 0.40 323.2 2.4
0.5 0.40 325.4 2.4
19 SIT level (m) 3.4 0.40 5.28 0.18
3.4 0.40 5.32 0.18
3.4 0.40 5.32 0.18
3.4 0.40 5.32 0.18
20 RWT temp. (K) 0.5 0.20 323.2 2.4
Containment
21 Pressure (MPa) 0.25 0.01 0.1013 0.0002
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the codes used in the program (D’Auria et al., 1989).
In the process of the DSP-02 exercise, the host organization
adopted the BEMUSE phase 2 project methodology (Petruzzi and
D’Auria, 2006) for accuracy quantiﬁcation in addition to the
FFTBM. The methodology of the accuracy quantiﬁcation consists
of (1) a global acceptability factor for the nodalization develop-
ment, QA; (2) global acceptability factor for the nodalization
qualiﬁcation at the steady state level, QB; and (3) global accuracy
quantiﬁcation for the deviations between calculations and mea-
surements quantiﬁed by FFTBM, AAtot.
4.1. Nodalization qualiﬁcation (QA)
As the quality of transient code calculations is greatly depen-
dent on how well the code model is initialized at a steady state
condition, a steady state qualiﬁcation based on measured data
was performed. The steady state qualiﬁcation includes two differ-
ent steps: one is related to the evaluation of the geometrical data
and of numerical values implemented in the nodalizations; the
other is related to the quality of the steady state calculation results.
The ﬁrst step for the steady state qualiﬁcation is related to the
evaluation of the geometrical data and of numerical values imple-
mented in the nodalizations. Nine parameters have been selected
for nodalization qualiﬁcation as shown in Table 7.
At ﬁrst, the acceptable errors (AE) for the quantiﬁcation process
were determined. Different AEs from 1% to 3% were used depend-
ing on the parameters shown in Table 7. The percentile error, E,
was deﬁned as the ratio
E ¼ jðexpvalue  experrorÞ  calcvaluejjðexpvalue  experrorÞj
: ð4Þ
The percent error, E becomes zero if the calculated value is be-
tween the experimental lower and upper values, taking into ac-
count the experimental error.
Second, weighing factors taking into consideration the impor-
tance of the parameters with respect to the DVI line breaks and/
or cold leg SBLOCA were determined. Taking into account the phe-
nomena of the scenarios considered, the relative importance of the
secondary inventory was assumed to be half that of the primary
inventory. Thus, weighting factors, Wi, of 1.0 and 0.5 were used
for the primary and secondary inventory, respectively. The single
acceptability factor, QAi, was then obtained by the following
formula:
QAi ¼
E
AE
Wi; ð5Þ
where normalized weighting factors were used. Finally, the global
acceptability factor, QA, can be obtained by summing the whole sin-
gle acceptability factors
QA ¼
X
i
QAi: ð6Þ
Table 9
Weighting factor components for the analyzed parameters.
No. Parameters Instrumentsa Weighting factor
wexp wsaf wnorm wf
1 Core power R HP-CO-0i-P 0.8 0.8 0.5 0.32
2 Pressurizer pressure PT-PZR-01 1.0 1.0 1.0 1.00
3 SG1 steam dome pressure PT-SGSD1-01 1.0 0.6 1.1 0.66
4 SIT-01 pressure PT-SIT1-02 1.0 0.6 1.1 0.66
5 Core inlet temperature TF-LP-2G18 0.8 0.8 2.4 1.536
6 Core exit temperature Averaged 0.8 0.8 2.4 1.536
7 Clad temp. at region 2 TH-CO-02G11a1 0.9 1.0 1.2 1.08
8 Clad temp. at region 7 TH-CO-07G11a1 0.9 1.0 1.2 1.08
9 Clad temp. at region 12 TH-CO-12G11a1 0.9 1.0 1.2 1.08
10 Hot leg 1 ﬂow rate QV-HL1-01A + B 0.5 0.8 0.5 0.20
11 Hot leg 2 ﬂow rate QV-HL2-01A + B 0.5 0.8 0.5 0.20
12 Active SIT-01 ﬂow rate QV-SIT1-01 0.5 0.8 0.5 0.20
13 Active SIP-02 ﬂow rate QV-HPSI1-03 0.5 0.8 0.5 0.20
14 Total break ﬂow rate Calculated 0.5 0.8 0.5 0.20
15 Accumulated break mass Integral of D70 0.8 0.9 0.9 0.648
16 Downcomer level LT-RPV-04A 0.8 0.9 0.6 0.432
17 Active core region level LT-RPV-01 0.8 0.9 0.6 0.432
18 Pressurizer level LT-PZR-01 0.8 0.9 0.6 0.432
19 Collapsed water level IL1A LT-IL1A-03 0.8 0.9 0.6 0.432
20 Collapsed water level IL1B LT-IL1B-03 0.8 0.9 0.6 0.432
21 Collapsed water level IL2A LT-IL2A-03 0.8 0.9 0.6 0.432
22 Collapsed water level IL1B LT-IL2B-03 0.8 0.9 0.6 0.432
a Instrument names are deﬁned in Kang et al. (2011).
Table 10
Selected time interval for the present FFTBM analysis.
Phase (PIRT) Phenomena observed Time of intervals Number of data fmax = 0.5fs (Hz)
DSP-01 (s) ISP-50 (s) DSP-02 (s)
Pre-trip Test start 0–24 0–24 0–24 512 10.66
Before reactor trip/core power decay
Post-trip Test start 0–230 0–300 0–440 1024 2.23 (1.71a)
Reactor trip/core power decay
SIP injection
Loop seal clearings
Before the SIT injection
Reﬁll and LTC All the interesting phenomena 0–1000 0–2000 0–1000 2048 (4096a) 1.02
a Data related to ISP-50 only.
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quired as an acceptable criterion.4.2. Steady state qualiﬁcation (QB)
Steady state results can be quantiﬁed using a similar methodol-
ogy used in the quantiﬁcation of QA in the previous section. For the
quality of the steady state calculation results, 21 parameters have
been selected for a steady state qualiﬁcation, as shown in Table 8.
At ﬁrst, the acceptable errors (AE) for the quantiﬁcation process
were determined. Taking into account the measurement uncer-
tainties, different AEs from 0.25% to 30% were used depending on
the parameters shown in Table 8. The percentile error, E, was de-
ﬁned as Eq. (4).
Second, weighing factors taking into consideration the impor-
tance of the parameters with respect to the present SBLOCA tran-
sient were determined, as shown in Table 8. Also, the single
acceptability factor, QBi, was obtained by Eq. (5). Finally, the global
acceptability factor, QB, can be obtained by summing the whole
single acceptability factors as in Eq. (6).
In the literature (Petruzzi and D’Auria, 2006), QA < 1.0 is re-
quired as an acceptable criterion.4.3. FFTBM methodology
Application of FFTBM to the present DSP-02 calculation was
performed to evaluate the accuracy of the submitted calculation
results. As in the DSP-01 exercise (Kim et al., 2011), 22 parameters
have been used to characterize all the relevant phenomena that
were measured during the test. Also, the weighting factors were
used to consider the different importance from the viewpoint of
a safety analysis and to calculate the overall accuracy of the calcu-
lation, i.e., the total average amplitude (AAtot). In the present anal-
ysis, the weighting factors used in Kim et al. (2011) were adopted
as shown in Table 9.
For the quantiﬁcation of each participant’s calculation, three
cases with different time frames were evaluated, as shown in Ta-
ble 10. In the ﬁrst time frame, i.e., a pre-trip interval, 19 parameters
out of the selected 22 parameters were used because the SIP and
SIT were not available during this period. The parameters relevant
to the SIP and SIT were excluded in the FFTBM calculation. In the
second time frame, i.e., post-trip interval, the SIT was not activated
in the test, and thus 2 parameters relevant to the SIT were ex-
cluded in the FFTBM calculation. In the whole time frame calcula-
tion, i.e., the whole interval, the 22 selected parameters were used
to get the ﬁnal AAtot. For all cases, the cut-off frequency was set to
1.0 Hz.
Table 11
Summary of global acceptability factors and average accuracy values.
I.D. QA QB AAtot
DSP-01 – – 0.165–0.531
ISP-50 – – 0.124–0.408
DSP-02 0.585–2.140 0.159–3.058 0.188–0.467
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culation is characterized by the following criteria: AAtot = 0.3 char-
acterize very good prediction; 0.3 < AAtot 6 0.5 characterize good
prediction; 0.5 < AAtot 6 0.7 characterize poor prediction; and
AAtot > 0.7 characterize very poor prediction. In addition, they dis-
cussed that AAtot = 0.4 implies an error acceptable to experienced
code users, and assumed this value as the ‘acceptability limit’ for
a calculation. In particular, an acceptability factor of 0.1 should
be ﬁxed to the primary pressure, owing to its importance.
4.4. Accuracy evaluation results
The result of the accuracy evaluations for the tests is summa-
rized in Table 11. The time interval for AAtot was selected as that
of the post-trip interval as deﬁned in Table 10, because most of
the major phenomena, e.g., the reactor trip, SIP injection, and loop
seal clearing, occurred within this interval.5. Conclusions
KAERI performed a total of three standard problem exercises for
three years from June 2008 to September 2011. The ATLAS stan-
dard programs were the DSP-01, ISP-50, and DSP-02.
The ﬁrst domestic standard problem (DSP-01) was successfully
completed using a 100% DVI line break scenario and was the ﬁrst-
ever domestic cooperative activity in which many nuclear institu-
tions in the academic, industrial and research ﬁelds made a uniﬁed
code assessment effort under a tie-up environment. It gave an
opportunity for the participants to utilize the ATLAS integral effect
data for their own purposes, and to share their individual code
experiences. Ten calculations were ﬁnally performed and two
best-estimate safety analysis codes were used: MARS-KS and RE-
LAP5/MOD3.3 series. A quantiﬁcation of the code accuracy (based
on the FFTBM) was performed on the submitted calculations. By
comparing with the qualitative comparison analysis for the sub-
mitted calculations, the present FFTBM application results showed
very good consistency with these calculations, and it was found
that the FFTMB would be a promising and powerful automated
code assessment program (ACAP).
The ISP-50 exercise was successfully completed using a 50% DVI
line break scenario and was performed in two phases. In Phase-1,
the ISP exercise was performed as a ‘‘blind’’ problem. The experi-
mental results were locked until the calculation results were made
available for a comparison. In Phase-2, the ISP exercise was per-
formed as an ‘‘open’’ problem with the experimental results re-
leased to the participants. In the ‘‘blind’’ calculation, a total of 17
calculations were collected from 13 organizations. Seven leading
safety analysis codes were used in the preset ‘‘blind’’ phase, APROS,
ATHELET, KORSAR/GP, MARS-KS, RELAP5/MOD3 series, TECH-M-
97, and TRACE. In the ‘‘open’’ phase, sixteen calculations from ele-
ven countries were collected and analyzed by comparing with the
experimental data. Seven different safety analysis codes were
used: APROS, ATHELET, CATHARE, KORSAR/GP, MARS-KS, RE-
LAP5/MOD3 series, and TRACE. Three-dimensional modeling for
the core region was tried with the TRACE code. Also, three-dimen-
sional modelings for the core region with the MARS-3D and TRACE
codes were also tried. For three-dimensional modelings, the‘‘MULTID’’ and ‘‘VESSEL’’ components were used for MARS-3D
and TRACE, respectively. As these calculations were preliminary
to examine the 3-D effects, a detailed analysis was not performed,
but some information was included in Appendix-F of the ﬁnal inte-
gration report (Choi et al., 2012a). As the DSP-01, a quantiﬁcation
of the code accuracy (based on the FFTBM) was performed on the
submitted calculations.
Finally, the second domestic standard problem (DSP-02) was
successfully completed using a 6-inch cold leg break loss of coolant
accident data, where a total of 11 organizations including the
research institute, industry, safety authority, and university con-
tributed to in-depth safety analyses. Almost all participants used
the MARS-KS code. Besides performing a comparison with the
experimental data, each participant performed a sensitivity analy-
sis on at least one special code assessment topic as agreed upon by
the organizing committee. This activity is expected to help ﬁnd the
code deﬁciencies and obtain user guidelines that can minimize the
‘‘user effects.’’ In the DSP-02 exercise, the overall ﬁgure of merit for
a code accuracy quantiﬁcation was fully applied. Three code accu-
racy quantiﬁcation indices including (1) nodalization accuracy, (2)
steady state accuracy, and (3) transient accuracy were deﬁned and
integrated to produce a single quantiﬁcation index. The obtained
outcomes will be used to improve the MARS-KS code model and
help code users perform a safety analysis.
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